Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant disease characterized by widespread arteriovenous malformations and caused by mutations in two major genes: ENG and ACVRL1. Two decades ago, a French epidemiological study pointed out that its prevalence was higher than previously thought and that its distribution varied greatly from one area to another, one of the highest concentrations of patients being found in the Haut-Jura mountains. Although germline mutations are usually family specific, some of them have been reported in unrelated patients, especially for ACVRL1. We performed haplotype analysis of 116 French and Italian patients carrying 13 ACVRL1 different mutations. For five of these mutations, we estimated the age of the most recent common ancestors (MRCAs) using the ESTIAGE program. Most mutations were related to both recurrent mutational events and founder effects with age estimates ranging from 100 to 550 years. The c.1112dupG mutation, which is likely to be responsible for the very high concentration of HHT patients found in the former epidemiological study, probably occurred in one inhabitant of the Haut-Jura Mountains more than three centuries ago. The p.Arg374Gln mutation occurred independently in at least two distinct geographical areas, including the area with the second highest prevalence in the epidemiological study and where the MRCA is rather recent (about 100 years ago). Partially shared haplotypes between French and Italian patients were found for three mutations. This suggests a common origin and a possible diffusion of these mutations from Italy to France.
Introduction
Hereditary hemorrhagic telangiectasia (HHT, Rendu-OslerWeber disease) (OMIM#187300) is an autosomal dominant disease characterized by widespread arteriovenous malformations. Common manifestations are severe and recurrent nosebleeds and mucocutaneous telangiectases, which are clusters of abnormally dilated vessels. Visceral complications include pulmonary, hepatic and cerebral arteriovenous malformations and can be life threatening. 1 Hereditary hemorrhagic telangiectasia is caused by germline mutations in two major genes: ENG (GenBank AH006911), encoding endoglin, a TGF-b type III receptor and ACVRL1 (GenBank AH005451), encoding activin receptor-like kinase type-1 (ALK-1), a putative TGF-b type I receptor.
2,3 ALK-1 induces the activation of Smad-1/ Smad-5, which is considered to balance the ALK-5 pathway through Smad-2/Smad-3 in endothelial cells, whereas endoglin influences both ALK-1 and ALK-5 pathways. 4, 5 Evidence for the existence of two other HHT-associated genes has recently been reported and mutations have also been identified in MADH4 in a subset of families with combined juvenile polyposis and HHT. 6 -8 Mutations of ACVRL1 and ENG account for nearly 90% of our HHT patients. 9 Although mutations are found in most part of ENG and ACVRL1 and are usually private (ie, family specific), some of them have been reported in patients from unrelated families and in different countries, especially for ACVRL1.
10
Hereditary hemorrhagic telangiectasia has long been underdiagnosed and considered as a rare disease. Twenty years ago, a large-scale French epidemiological study found an average prevalence of 1/8345, which was more than 10 times higher than expected at that time. 11 This is consistent with more recent studies performed in different populations also showing that the disease was present worldwide. 12, 13 The French epidemiological study also pointed out that the distribution of the disease could vary greatly from one area to another. Three French administrative areas had a far higher prevalence: Ain (1/3345), Jura (1/5062) and Deux-Sèvres (1/4287). 11 Here, we report on the haplotype analysis of 13 ACVRL1 mutations, which have been found in different patients from France and Italy. For five of these mutations, we estimate the time of their introduction in the respective population. We also show that the c.1112dupG mutation is responsible for the very high frequency of the disease observed in the Ain and Jura administrative areas. This mutation is likely to have occurred in a common ancestor living in a valley of the Haut-Jura mountains more than three centuries ago and to have spread over the generations, mainly in the Rhône-Alpes region but also outside.
Materials and methods

Patients
A total of 96 probands from apparently unrelated nuclear HHT families, who had been referred for molecular diagnosis to one of the medical centers of the FrenchItalian HHT Network in France (n ¼ 89) or Northern Italy (n ¼ 7), were studied. Thirty-five of them carried the c.1112dupG mutation, whereas the 61 others carried one of the 12 different point mutations. When available, one affected or unaffected close relative was also studied to allow haplotype reconstruction (n ¼ 19). Informed written consent has been obtained from the patients according to the French and Italian Bioethics laws. For determination of allele frequencies at the different microsatellites, DNA from 20 French control individuals (40 chromosomes) was studied.
Mutation analysis
Germline mutation analysis of the index cases and their relatives has been performed in the three genetics laboratories from the French-Italian HHT networks in Lyon (n ¼ 91), Paris (n ¼ 14) and Pavia (n ¼ 10) as previously reported. 9, 10, 14 The following mutations were included in the present study: p. 
Haplotype analysis
Haplotype analysis was performed in the genetics laboratory of Lyon. One intragenic and nine flanking polymorphic microsatellite markers spanning over 20 megabases were studied:
AFM172XD8) and D12S83 (AFM112YF4). Markers were selected using the UCSC genome browser (http:// genome.ucsc.edu/cgi-bin/hgGateway). Their order and their distances relative to ACVRL1 are shown in Figure 1 . The genetic distance between D12S1653 and D12S83 is 18.79 cM. Primers used for PCR were those provided by the database except for D12S83 and D12S90, for which novel primers have been designed using the Primer3 free online software (http://www-genome.wi.mit.edu/genome_software/ other/primer3.html):
0 -gggaggatagaaaagcagca-3 0 ; and D12S90 reverse, 5 0 -agtcaggcccacccaattta-3 0 . PCR was performed using fluorescently labeled F-primers according to standard methods (reaction conditions available on request). PCR products were loaded on an ABI Prism 377 automated sequencer and analyzed using the Genescan Analysis software (Applied Biosystems, Foster City, CA, USA).
Haplotype reconstruction and estimation of the age of the most recent common ancestors of ACVRL1 mutation carriers To determine if founder effects were likely to exist for each mutation, five DNA microsatellites, closely linked to ACVRL1, were first studied. They included the intragenic microsatellite marker (D12S1677) and two flanking markers on each side of ACVRL1 (D12S85, D12S2196, D12S1712 and D12S270). If alleles at these closely linked markers were shared by all (or a subset of) patients carrying one given mutation, a founder effect for the mutation was suspected and a more extensive haplotype analysis was performed using five additional microsatellites spanning over 20 megabases around the ACVRL1 gene. These data were used to confirm the founder effects by identifying the most likely ancestral haplotypes associated with each of these mutations and to estimate the age of the different founder events using the ESTIAGE program. 15 This latter program implements a likelihood-based method to estimate the age of the most recent common ancestor (MRCA) of a group of patients carrying a same mutation using multilocus marker data from these patients. It is assumed that all these patients descended from a common ancestor, who introduced the mutation n gen generation ago. An estimate of n gen is obtained from the size of the haplotype shared by the individuals on each side of the disease locus by finding the most likely positions of recombinations on the ancestral haplotype. Allele frequencies of the markers and mutation rates are taken into account to allow for the possibility either that recombination occurred in previous intervals with haplotypes sharing the same alleles as the ancestral haplotype, or to let haplotype diversity be due to mutations rather than recombinations. A mutation rate of 10 -4 per individual per generation and a stepwise mutation model are assumed at the microsatellite markers. The most likely ancestral haplotype associated with each mutation is determined by considering markers on each side of the mutation, one at a time, starting from the mutation and sequentially identifying the most frequent allele in patients carrying the presumed ancestral allele at the previous marker. Patients are then assumed to carry the ancestral haplotype on each side of the mutation up to the first marker where they do not show an allele similar to the ancestral allele at this locus.
Geographic distribution of the HHT families in the Rhône-Alpes region For the index cases living in the Rhône-Alpes region, we collected data on their birth places or, when not available, the town where they lived at the time of the study.
Results
Evidence of possible founder effects for several of the ACVRL1 point mutations Figure 2 shows, for the 12 point mutations, the genotypes and the shared alleles of the patients at the intragenic and the four flanking markers. When DNA from close relatives was available, haplotypes were manually reconstructed. For several mutations, recurrent mutation events are suggested by the fact that no single associated haplotype are observed. However, founder effects may be associated with some of these different mutational events as allele sharing is observed in some subsets of patients. This is in particular the case for the p.Arg374Gln mutation. Three completely different haplotypes are observed in association with this mutation. For two of them, a geographical clustering of patients is observed. Indeed, haplotype 2-8-374Gln-2-4-7 is found essentially in patients living in the Deux-Sèvres area and haplotype 2-8-374Gln-6-5-? in patients from the northeast part of France. No clear regional clustering is observed for the other mutations with suspected founder effect. For the p.Arg67Gln and p.Arg144X mutations, the Italian patients shared a common haplotype, although they were not apparently related. For the mutation p.Arg484Trp, French and Italian patients had a completely distinct haplotype, whereas two unrelated Italian patients and several French patients shared a partial common haplotype for the p.Arg144X or the p.Arg374Trp mutations. For the p.Arg67Gln mutation, one French patient shared one allele of the intragenic D12S1677 marker with the Italian patients.
Estimation of the age of the founder effect for ACVRL1 mutations Observed genotypes in patients carrying the c.1112dupG and the four ACVRL1 mutations exhibiting founder effects are shown in Table 1 . Allele frequencies in control individuals are shown in Supplementary Table 1. For mutation p.Arg374Gln, only the first three patients from the Deux-Sèvres area are considered as different founder effects are suspected based on the analysis of the most proximal markers. The age of the MRCA of these different mutations are shown in Table 2 with their 95% confidence intervals and the presumed ancestral haplotype. The Figure 1 Positioning of the markers used for haplotype analysis and their respective distance to ACVRL1 in megabases.
Founder effect in HHT G Lesca et al mutation p.Arg374Gln appears to be the most recently introduced one (approximately one century old, although confidence interval is large) and very similar age estimates are found for mutations c.1112dupG, p.Arg411Trp and p.Arg374Trp that are all found to be approximately 300 years old. The mutation p.Arg144X is probably the oldest one with an age estimate of about 550 years.
Geographic distribution of the HHT families in the Rhône-Alpes region Figure 3a shows the distribution of the HHT families in the Rhône-Alpes region in 1977, many years prior to the identification of ENG or ACVRL1 genes. The highest concentration of patients was found in the Haut-Jura mountains, in a 50-km area around the Valserine Valley. Figure 3c shows, on a Rhône-Alpes-centered map, the distribution of the birth places, or when not available the present addresses, of the probands with a mutation in either ENG or ACVRL1.
Discussion
ACVRL1 mutations result from different mechanisms
The most frequent mutation found in French HHT patients is a one-basepair guanidine insertion, c.1112dupG. 10 At the time of this study, it was present in 36 apparently unrelated index cases and has not been reported in other countries except for an American patient originating from the Ain administrative area. 16 This mutation is certainly the consequence of a unique mutational event as shown by the fact that all the patients share a common haplotype. The age of the MRCA of these patients was estimated to be 325 years, consistent with the fact that all patients except one have not recombined at the nearest markers on both sides of the mutation and haplotype sharing extends over several megabases for several patients. The other types of ACVRL1 mutations found in several patients consist of point mutations, which are likely to result from different independent mutational events. In all, 10 out of the 12 point mutations were the products of C4T transitions (or the reverse G4A transition) and 9 occurred on codons encoding arginine. This strongly suggests a common and recurrent mechanism by spontaneous deamination of the methyl CpG during development leading to a T and not corrected by the mismatch repair process. 17 These mutations have been reported in several occurrences in different populations as recorded in the HHT mutation database (http://www.hhtmutation.org/). Codons 374 and 411 are the most frequently involved and can be considered as mutation hot spots. 10 However, several apparently unrelated patients with a given mutation share the same haplotype, suggesting the occurrence of different founder effects. This is especially true for the most common mutations: p.Arg144X, p.Arg374Gln, p.Arg374Trp and p.Arg411Trp. The remaining two missense mutations are likely to result from a less common mechanism as suggested by the fact that they have been reported less frequently: transition A4G for the p.Met376Val and transversion A4T for the p.Asp427Gln. Table 1 Observed genotypes at the 10 microsatellite markers for the patients carrying the five ACVRL1 mutations with suspected founder effects for which the age of the most recent common ancestor was estimated
The markers where alleles are shared by patients are shaded in gray or dark, depending on the mutation. In these regions of allele sharing, assumed haplotypes associated with the mutations are indicated in bold. They were reconstructed using a maximum parsimony principle that maximizes haplotype sharing between carriers of a given mutation.
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The classical French epidemiological study of HHT revisited This large-scale epidemiological study was planned in 1984 after the observation of an unusually high frequency of the disease in the Haut-Jura area. It was based on a postal questionnaire sent to 23 000 physicians from 52 administrative areas (on a total of 96 for metropolitan France). An unexpectedly high frequency (1/8345) of HHT was found with large differences in prevalence between neighboring areas. At that time, HHT was considered as a very rare disease and neither its genetic heterogeneity nor the high allelic heterogeneity was predicted. In conclusion of the study, two alternative hypotheses were proposed to explain the disease diffusion: 'were there several foci of origin, or was the pathogenic gene disseminated from a single source?' More than 20 years later, after the identification of the two major HHT genes and the unraveling of its considerable allelic heterogeneity, it appears that data observed in the epidemiological study can be explained by the combination of both hypotheses. Our molecular study shows that many different mutations of both ENG and ACVRL1 are present in France and even in the administrative areas with a very high prevalence of the disease, like Jura and Ain. 9, 10 However, a founder effect associated to the c.1112dupG mutation is responsible for the higher concentration of HHT patients in this area, compared with the rest of the country. Genealogical studies performed on the HHT families originating from the Valserine Valley and the surrounding Haut-Jura mountains showed that these patients shared a few common ancestors. 18 However, it was not possible to identify a single common ancestor that would have introduced the mutation, as the church archives used to reconstruct genealogies were not collected prior to the seventieth century (the province corresponding to most of the present Ain administrative area was transferred to the French kingdom from the Duchy of Savoy, by the treaty of Lyon, in 1601). Combining our results with data from the genealogical studies, we can hypothesize that the present distribution of the c.1112dupG mutation may result from three successive mechanisms. 18 First, this unique mutation may have occurred prior to the seventieth century in one inhabitant from the Valserine Valley or from the neighboring areas. Second, its frequency would have progressively increased due to genetic drift. Although the population of this valley cannot be considered as genetically isolated, since continuous immigration and emigration flows have been documented, migrants were shown to have a relatively small contribution to the present population, which is mainly related to a small nucleus of families, stable over centuries. 18 Third, the mutation began to spread in the ninetieth century to the close industrializing towns and next to major cities within and outside the Rhône-Alpes region. Since this migration process was still ongoing during the last decades, it is not unlikely that the contrasting HHT frequency in Jura and Ain and in the other administrative areas could be less pronounced, would the epidemiological study be performed today rather than one generation ago.
Other founder effects associated with given geographic areas The haplotype 2-8-374Gln-2-4-7 of the p.Arg374Gln mutation has been found in patients living in the Deux-Sèvres administrative area, suggesting a founder effect that can also be linked to the high prevalence of the disease observed in this area in the former epidemiological study.
11
Estimates of the age of the MRCA of these patients are in favor of a recent introduction of this mutation in the population (100 years), but due to the limited number of index cases available for the study, confidence interval is rather large (from 50 to 400 years). However, this is consistent with its restricted geographical distribution and with the fact that the concentration of HHT patients was lower than in the Haut-Jura area. The contrast with the lack of obvious genealogical evidence for a common ancestor may be due to the fact that patients have been recruited on the basis of a medical genetics consultation and that their extensive genealogy could not be raised up to a few generations. Consequently, a common ancestor living earlier than several generations ago, which is not unlikely due to the rather wide confidence interval, would not be easily identified. Interestingly, a distinct haplotype for the same mutation (2-8-374Gln-6-5-?) was found in three patients from the northeast part of France, suggesting a distinct founder effect. The p.Arg411Trp and p.Arg374Trp mutations associated with the ancestral haplotypes 2-2-8-2-411Trp-4-2-6-7-8-10 and 2-2-8-2-374Trp-4-2-3-1-7-9, respectively, and both estimated to have been introduced in the population about 300 years ago, were not found to be linked to any given French geographic area. Neither was the p.Arg144X mutation, associated with the ancestral haplotype 8-8-6-5-144X-6-7-8-3-?-?, which was estimated to have been introduced earlier (about 500 years ago).
In the literature, two founder effects have been reported, both involving the ENG gene. The p.Tyr120X (c.360C4A) mutation was found in seven apparently unrelated families 14 Two different haplotypes were found in French patients. One French patient shared a common allele for the intragenic D12S1677 marker with two unrelated Italian patients. This could be the indication of a common origin of the mutation but since the shared allele is rather frequent in the French population (allele 3 with frequency 0.225 in the French controls), it is more likely that the sharing only occurred by chance. For the p.Arg374Trp mutation, the common origin hypothesis is also possible with one Italian patient sharing alleles with three French patients at the two flanking markers D12S296 and D12S1677. These alleles, allele 5 and 1, respectively, are not present in the French control sample, and this might give some more weight to the hypothesis of a common origin of the mutation. For the p.Arg144X mutation, several patients from both countries shared the ?-6-144X-5-6-7 haplotype and a common origin is, thus, very likely and was hypothesized to compute the age of the MRCA with the ESTIAGE program. However, we cannot exclude that the p.Arg144X mutation had occurred twice on a common ancestral haplotype and that French and Italian patients had independent MRCA for this mutation. According to the present results, it is thus plausible that some of the ACVRL1 mutations had occurred in Italy and were brought to France several generations later by Italian migrants.
Age estimates of founder events
To estimate the age of the MRCA of the different mutations with founder effects, the method implemented in the ESTIAGE program requires the knowledge of the haplotypes associated with the mutation in the different patients. When only genotypes are available at the different markers, it is possible to reconstruct haplotypes using statistical methods such as the one implemented in the PHASE software and to consider the best haplotype reconstruction. 21 Another Figure 3 Founder effect in HHT G Lesca et al possibility is to use a maximum parsimony principle as it was done here, where haplotypes were assigned to individuals to maximize the length of sharing around the mutation. This method appears to us intuitively more appropriate to the problem of the estimation of the age of a founder effect mutation than a method that will reconstruct haplotype statistically without accounting for the fact that patients have inherited an identical-by-descent mutation. It has also the advantage of being rather simple. We compared the results we obtained here with those obtained after reconstructing haplotypes with PHASE and found that they were in fact very similar with differences in age estimates of one or two generations (data not shown).
A second limitation of the method is the need to have marker allele frequency estimates from the population where patients are sampled. In this study, allele frequencies at the different markers were obtained from a sample of 20 French controls. A larger control sample could have been useful to obtain more precise estimates of allele frequencies, but this would probably not have led to important changes in our MRCA age estimates as the ESTIAGE method was shown to be robust to small misspecification in allele frequencies. 15 A third and probably more serious limitation of the ESTIAGE method is the assumption of a star-shaped genealogy; that is, it is assumed that the different patients diverged independently from the ancestor. The impact of departure from the star-shaped genealogy assumption on age estimates depends on the population demography and is thus difficult to evaluate. 22 In the case of the p.Arg144X mutation for which French and Italian patients were used together, it could be of interest to try to relax the starshaped assumption by using a method such as one recently proposed by Hanein et al 23 and that allow for bifurcating genealogies with two ancestors.
